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ABSTRACT
A new photocatalytic composite powder incorporated into a siloxane epoxy polymer has
been shown to yield a highly efficient self-cleaning coating. The composite, which makes greater
use of light in the visible/near-infrared (NIR) region, was prepared by coating a nano-particle
photocatalytic TiO2 with 3% w/w of F64PcZn photosensitizer resulting in a dark green powder.
The F64PcZn/P25 TiO2 composite exhibited a greater photo-induced degradation of methyl red, a
model surface contaminant, compared to traditional nano-particle photocatalytic TiO2. Singlet
oxygen (1Δg 1O2), generated form the F64PcZn, is believed to be the primary species responsible
for the observed photo-activity. The durability of the coating was evaluated by electrochemical
impedance spectroscopy (EIS) due to the potential for unwanted photo-oxidation of the polymer
by the photocatalytic material. After 11 weeks of atmospheric sunlight exposure, the coating
containing the composite displayed a small drop in impedance value but still remained >10 GOhm
cm2, indicating the formation of a strong barrier that is able to protect the underlying metal surface.
A control coating containing uncoated nano-particle photocatalytic TiO2 dropped slightly lower to
~10 GOhm cm2.

The novelty of the disclosed composite for producing self-coatings was

recognized by the US Patent Office, US 9,260,630 B2.

v

TABLE OF CONTENTS
Title Page. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .i
Certification Signature Page. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .iii
Acknowledgements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
Abstract. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .v
1. Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1
1.1. Self-cleaning industrial coatings. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2. Background of paints and coatings. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2.1. General overview. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2.2. Volume Solids and Pigment Volume Concentration. . . . . . . . . . . . . . . . . . . . . . . . 2
1.3. Siloxane epoxy hybrid binders for protective coatings. . . . . . . . . . . . . . . . . . . . . . . . . . . .3
1.4. Current photocatalyst technology in coatings. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4.1. TiO2 photocatalytic process. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4.2. TiO2 type used in self-cleaning coatings. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .6
1.4.3. The photocatalytic activity of self-cleaning coatings. . . . . . . . . . . . . . . . . . . . . . . .7
1.5. Photocatalytic activity of zinc(II) perfluoro-fluoroalkyl-phthalocyanine, F64PcZn. . . . . . 9
1.6. Development of a highly effective self-cleaning coating. . . . . . . . . . . . . . . . . . . . . . . . . .11
2. Experimental. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.1. Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .12
2.2. Preparation of F64PcZn/P25 TiO2 composite. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .12
2.3. Photocatalytic coating preparation and application. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.4. Determination of photocatalytic activity of coating surface. . . . . . . . . . . . . . . . . . . . . . . .14
vi

2.5. Electrochemical impedance spectroscopy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3. Results and Discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.1. Photocatalytic composite powder. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .17
3.2. Photocatalytic coating films. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .17
3.3. Self-cleaning siloxane epoxy paint films stained with methyl red. . . . . . . . . . . . . . . . . . .18
3.4. Coating durability via electrochemical impedance spectroscopy. . . . . . . . . . . . . . . . . . . .21
4. Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .24
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .25
US Patent No. US 9,260,630 B2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .28

vii

1. INTRODUCTION
1.1 Self-cleaning industrial coatings
An industrial coating is vital for prolonging the life of a metal surface by providing
important protective properties, such as corrosion protection, as well as providing long term
aesthetic appeal.

It is unavoidable that exterior coating films will come in contact with

contaminants such as air pollutants, dirt, mold, bacteria, mildew, grease, etc. which negatively
affects their appearance, deteriorate their protecting ability and raise concerns regarding toxicity.
Manually cleaning exterior surfaces leads to increased costs and often involves chemical
detergents with scrubbing or high pressure washing which can also reduce the lifespan of the
coating. A self-cleaning coating could be applied to a substrate and retain both its visual integrity
and protective properties for an extended period of time with little to no maintenance. This has
led to a high degree of interest in the development of photocatalytic coatings due to their selfcleaning properties.1-6 This thesis focuses on a new photocatalytic composite material that can be
integrated into a durable siloxane epoxy coating matrix and, upon exposure to light, degrade
organic contaminants that may be present on the surface.
1.2 Background of paints and coatings
1.2.1 General overview
Paints are liquid coatings that are applied to a substrate and convert to an opaque or
transparent solid film with good adhesion after drying/curing. They are mainly comprised of a
liquid binder/polymer, solvents, insoluble pigments, as well as a variety of additives for different
functions. Generally, paints are prepared by mechanically dispersing the pigments under high
shear in a solvent and/or liquid binder in what is commonly known as the grinding process. The
1

grinding process is essential to achieving a quality paint film since dry pigments consist of larger
aggregates and agglomerates of primary particles that need to be wetted-out by the liquid medium,
evenly broken-down into smaller particles, and uniformly dispersed. After the grinding process,
the paint can be thinned further with additional binder, solvent, and/or additives.
The binder/polymer is typically regarded as the most important component of the coating
since it is responsible for the film formation. It plays a major role in the adhesion to the substrate,
cohesion between pigment particles, as well as the physical properties of the film such as weather,
wear, chemical, and corrosion resistance.
1.2.2 Volume Solids and Pigment Volume Concentration
The volume solids (VS) is a measure of the volume of solid film forming materials that
remain after the coating has fully cured and all volatile material, such as water or other solvents,
have evaporated. The pigments and binder make up the majority of the solids in a coating with an
insignificant contribution coming from additives. The VS is a percentage expressed as:
VS =

(Vol of pigment+Vol of solid binder)
Vol of total wet paint

× 100

(1)

Pigment volume concentration (PVC) is the ratio of the volume of pigment to the total volume
solids and is expressed as a percentage as:
Vol of pigment

PVC = (vol of pigment+Vol of solid binder × 100

(2)

The PVC tells how much pigment is present compared to the amount of binder. Pigment volume
is used rather than weight because the amount of pigment particles present can differ based on an
individual pigments density. This is of high importance when formulating a coating since many
of the coating’s properties, such as gloss, hiding power, permeability, adhesion, and durability, are
2

directly related to the amount of pigment particles present relative to the binder. A low PVC
coating is expected to be glossier, more adhesive, and less porous compared to a coating with the
same binder at a higher PVC.
PVC also becomes an important factor when discussing photocatalytic coatings. Since
photocatalytic materials are generally incorporated as pigments/solid particles, the PVC of photoactive material is a direct measure of how much is dispersed throughout the paint film.
Additionally, the higher the total PVC (including non-photocatalytic pigments), the higher the
porosity/permeability of the paint film which will result in greater photocatalytic efficiency.2
Thus, if the photocatalyst PVC is held constant but the total PVC is increased (with nonphotoactive pigments) the photocatalytic activity will also increase.
1.3 Siloxane epoxy hybrid binders for protective coatings
Protective coatings that are comprised of organic binder systems degrade by thermal and
photo-induced oxidation and are subject to chemical attack.7 This issue of binder photo-oxidation
becomes exacerbated with the incorporation of photocatalytic materials, further diminishing the
coating durability.8 New advances in protective industrial coatings technology has led to the
development of organic-inorganic epoxy siloxane hybrid binders that are much less susceptible to
degradation by photo-oxidation due to the high degree of Si-O bonds.2,9

This makes the

incorporation of a photocatalyst into a coating to promote self-cleaning properties possible due to
the enhanced stability of polysiloxane polymers to oxidative conditions.
Siloxane epoxy coatings are supplied as two-part systems that must be combined prior to
application. One part consists of an aliphatic epoxide with an alkoxy silicone resin and the second
part is an amino alkoxy silane curing agent. Chemical cross-linking occurs through a dual-curing

3

mechanism at room temperature where the amino silane serves as a bridge between the organic
and silicone resins. As shown in Figure 1, this dual-curing mechanism proceeds via nucleophilic
opening of the epoxide ring by the amine and the hydrolysis/condensation reaction of the three
alkoxy groups of the silane with the free alkoxy group of the silicone resin in the presence of water
or moisture.10,11 Both reactions occur in situ.

+

Aliphatic Epoxide

+

Amino Alkoky Silane

Alkoky Silicone Resin

H2O

ROH, H2O

Figure 1. Dual-cure mechanism of siloxane epoxy coatings (adapted from ref. 11).

1.4 Current photocatalyst technology in coatings
1.4.1 TiO2 photocatalytic process
Currently, titanium dioxide is the most studied and widely used photocatalyst for selfcleaning surfaces.12,13,14 During photocatalysis, a semiconductor such as TiO2, in the presence of
light with energy equal to or greater than the band gap energy, results in photon absorption and
excitation of an electron (e-) from the valence band to the conduction band, generating a positive
hole (h+) in the valence band.15,16,17 The photoexcited election hole pairs (e-CB + h+VB) can
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recombine, releasing the input energy as heat and reduce the overall efficiency of the photo-process
(eqs 3 and 4).16,17
photocatalyst + hv → h+VB + e-CB

(3)

e-CB + h+VB → energy

(4)

However, if the charge carriers that escape the charge-annihilation reaction can migrate to the
surface of the semiconductor they can initiate various oxidation and reduction reactions with
adsorbed organic materials.16 As shown in Figure 2, the photoexcited electron in the conduction
band can reduce atmospheric oxygen to generate superoxide radicals or hydroperoxide radicals (eq
5). The valence band positive hole can oxidize surface adsorbed water or OH- and generate
hydroxyl radicals (eq 6).16,17 These reactive oxygen species (ROS) degrade contaminants resulting
in a clean surface.
e-CB + O2 → •O2-

(5)

h+VB + H2O → •OH + H+

(6)

Figure 2. Schematic of semiconductor photo-activation and primary reactions
occurring on its surface.
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The efficiency of the photocatalyst is determined by the dominant de-excitation pathway
following photo-excitation.18 For high efficiency, the recombination reactions (eqs 3 and 4) should
be minimized so that the oxidation and reduction reactions can occur (eqs 5 and 6). The positive
holes must migrate to the surface in order to oxidize the adsorbed surface contaminants. The
reduction of O2 to •O2- by e-CB is also necessary to prevent a charge from building up on the surface
because if the number of surface electrons becomes much larger than positive holes at the surface
the recombination rate will be high. Oxygen can play an important role as an electron scavenger
that reduces surface recombination.17,18,19 Additionally, a narrower band gap allows for greater
photocatalytic efficiency across the solar spectrum.
1.4.2 TiO2 type used in self-cleaning coatings
TiO2 exists as three polymorphs; rutile, anatase, and brookite, with rutile and anatase being
the most common and commercially available. Both rutile and anatase, with band gaps of 3.0 eV
and 3.2 eV respectively, possess photocatalytic activity in the ultraviolet region (wavelengths
<405nm for rutile and <390nm for anatase) and follow the photocatalytic mechanism described in
Figure 2.4 Despite having a larger band gap than rutile, anatase TiO2 has been shown to exhibit
higher photo-activity, in part due to a slower recombination rate of the electron-hole pair produced
by UV irradiation.4,20 Other explanations for the difference in photocatalytic activity between
rutile and anatase are still being studied4,20,21 but their discussion is outside the scope of this thesis.
Additionally, nano-particle TiO2, having a large surface area, has been shown to have
greater photocatalytic activity.4,8 A high surface area exhibits more reactive sites and favors
surface-electron-transfer reactions over bulk electron-hole recombination since the electrons and
holes have a shorter distance to travel.4,17

6

Limitations in the use of TiO2 for developing self-cleaning coatings arise from the rapid
charge recombination of the electron-hole pairs, thereby lowering the quantum efficiency, as well
as the wide band gap, limiting its absorption to the UV region, which comprises only 3-5% of the
solar spectrum.5,16 Several strategies to improve the visible light activity of TiO2 photocatalysts
and overcome the rapid charge recombination have been studied.5 Some of these strategies include
doping TiO2 with metals and non-metals, attachment of visible light absorbing dyes to the TiO2
surface, and the formation of hetero-junctions between TiO2 and other low band gap
semiconductors.5,22 A critical drawback to designing self-cleaning coatings using photocatalytic
TiO2 is the susceptibility of organic binders/polymers themselves to photochemical degradation.
This issue is well known in the paint industry and is commonly referred to as chalking, a process
that occurs at the pigment/binder interface upon adsorption of UV-light.8
However, it should be noted that TiO2 is the most common pigment used in all paints, not
for its photocatalytic activity but mainly to provide opacity, whiteness, and its ability to scatter
light more efficiently than any other pigment. This is due to TiO2 having the highest average
refractive index known (2.76 for rutile and 2.55 for anatase).4

Due to the photochemical

degradation of the paint binder (chalking), a lot of effort has actually been made to eliminate TiO2
photo-activity for use as a pigment. For this purpose, rutile is favored over anatase due to less
photocatalytic activity and slightly better optical properties. Commercial grades of pigmentary
rutile TiO2 are doped/surface treated with, for example, Al2O3 to suppress the creation of reactive
hydroxyl radicals and limit any photochemical degradation of the paint binder.8,23
1.4.3 The photocatalytic activity of self-cleaning coatings
A standard method for measuring the photocatalytic activity of a self-cleaning coating is
done by monitoring the photo-induced bleaching of a dye, such as methylene blue or methyl red,
7

absorbed on a paint film.2,4,5 A dye solution is prepared in water or another solvent and applied to
the dry paint film, leaving a surface stain. Upon exposure to light, the dye is degraded to water,
carbon dioxide, and nitrogen containing species, and a loss of color is observed. The photo-activity
is then monitored over time by measuring the color change using a spectrophotometer and the
CIELAB system to compare the change in L*(lightness) or b* value (blue/yellowness) to the initial
value. The larger the difference in ΔL* or Δb* the greater the self-cleaning effect.2 A chart
displaying the color space that the CIELAB system recognizes is shown in Figure 3.24

Figure 3. CIELAB color space chart (adapted from ref. 24).

For example, Stratton et al. reported the photocatalytic activity for an epoxy siloxane coating
containing nano-particle anatase TiO2 at 1-5% PVC with a total PVC of 20% (additional PVC
made of non-photoactive pigmentary TiO2 and CaCO3). The coating paint film was stained with
a 1 mM solution of methyl red in isopropyl alcohol then exposed to UV light (300-400 nm
wavelengths) for 18 hours. The final Δb* value attributable to the photocatalyst, after subtracting
the Δb* value for the control coating with no photocatalyst, was ~-3 and -6.1 for 1% and 5% PVC
nano-particle anatase TiO2 respectively.2

8

1.5 Photocatalytic activity of zinc(II) perfluoro-fluoroalkyl-phthalocyanine, F64PcZn
Diamagnetic metal phthalocyanines (PcM) dyes are well known photosensitizers that
generate singlet oxygen (1Δg 1O2) from its naturally present triplet (3Σg- 3O2) ground-state by
absorption of light in the visible region.25,26,27 Singlet oxygen or its daughter species, being highly
ROS, can then oxidize a multitude of organic materials. Previous work by Dr. Gorun’s group has
shown the versatile phthalocyanine chemistry allows for fine tuning of their properties with the
ability to enhance the 1O2 quantum yield by variation of the Pc ring substituents and the central
metal.26,28,29
Protio PcM’s, such as H16PcZn (Figure 4a), containing labile C-H bonds undergo selfoxidation by the 1O2 it produces, thus limiting its catalytic efficiency.26 By replacing the labile
ring C-H bonds with thermodynamically stronger C-F bonds to give F16PcZn (Figure 4b), the
relative stability is enhanced, but the molecule favors aggregation and exposes the aromatic C-F
bonds to nucleophilic attack.26,30 The catalytic efficiency of F16PcZn is limited by the molecular
aggregation which occurs via π-π interactions that results in a shortening of the triplet excited state
lifetimes and thus inefficient energy transfer.26 The partial replacement of aromatic F groups in
F16PcZn with iso-perfluoroalkyl groups to give Zinc(II) perfluoro-fluoroalkyl-phthalocyanine
(F64PcZn), as shown in Figure 4c, results in suppression of self-oxidation, enhanced photochemical
stability, as well as single-site isolation (non-aggregation) allowing efficient oxygenation
photocatalysis.26 This is demonstrated with F64PcZn having a 1O2 quantum yield of 0.81, the
highest reported 1O2 quantum yield for any Pc metal complex, compared to 0.42 and 0.10 for
H16PcZn and F16PcZn respectively.26,28
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(b)

(a)

(c)

Figure 4. Molecular structures of H16PcZn (a), F16PcZn (b), and F64PcZn.

The basic mechanistic steps involving a classical energy transfer through a bimolecular
reaction between the excited triplet state of F64PcZn catalyst and ground-state oxygen is
summarized in Equations 7-9.31
1

Pc0 + hν → 1Pc1

(7)

1

Pc1 → 3Pc1

(8)

3

Pc1 + 3O2 → 1Pc1 + 1O2

(9)

1

O2 + RH → ROOH

(10)

Ground-state F64PcZn (1Pc0) absorbs light in the visible region at 686 nm (Q band) leading to the
excited singlet state (1Pc1).28,29 Through a spin-orbit coupling process in which an electron flips
its spin, the excited singlet (1Pc1) passes to an excited triplet (3Pc1) by non-radiative intersystem
crossing.31 A longer excited triple state lifetime has been reported for F64PcZn, compared to the
other PcZn complexes, which allows for the highly efficient production of 1O2 as it insures a higher
frequency of the bimolecular energy transfer processes between 3Pc1 and ground state 3O2
states.26,28,29,31 Singlet oxygen can react with a variety of organic substrates (RH) to form
hydroperoxides (ROOH), Equation 10, as well as decay to other ROS.26
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1.6 Development of a highly effective self-cleaning coating
The goal of this research was to create a highly effective and durable self-cleaning coating
that degrades surface contaminates upon solar irradiation, which comprises approximately 45-50%
visible light and less than 5% UV light.5 This was carried out by incorporating a photocatalytic
composite powder, consisting of F64PcZn adsorbed on the surface of nano-particle photo-active
TiO2, into a siloxane epoxy coating. The high stability, efficiency, and ability to absorb light in
the visible region makes F64PcZn a promising photosensitizing candidate to combine with photoactive TiO2 to produce a composite species with improved overall photocatalytic activity across
the solar spectrum.

11

2. EXPERIMENTAL
2.1 Materials
Zinc(II) 1,4,8,11,15,18,22,25-octafluoro-2,3,9,10,16,17,23,24-octakisperfluoroisopropyl
perfluorophthalocyanine (F64PcZn) was synthesized and purified from members of Dr. Gorun’s
research group as previously reported.29 Aeroxide TiO2 P25 was supplied by Evonik and is
commonly used as a standard nano-particle photocatalytic TiO2.32 According to the manufacturer,
P25 is a mixture of approximately 80% anatase and 20% rutile by weight and has a BrunauerEmmett-Teller (BET) surface area of ~50 m2/g, average primary particle size of ~21 nm, density
of 4.1 g/cm3, and band gap energy of ~3.18 eV. Tiona 595 was supplied by Cristal and is a
commercially available non-photoactive pigmentary rutile TiO2 with a density of 4.1 g/cm3.
Silikopon EF is a commercially available silicone-epoxy resin supplied by Evonik that contains
50% silicone content and has a density of ~1.3 g/cm3.

Dynasylan AMEO (3-

aminopropyltriethoxysilane) was supplied by Evonik and has a density of 0.95 g/cm3. It is the
amino silane curing agent that is combined with the Silikopon EF before application. Methyl red
(2-(4-Dimethylaminophenylazo)benzoic acid) was provided by Sigma Aldrich.
2.2 Preparation of F64PcZn/P25 TiO2 composite
The composites were prepared by coating the Aeroxide TiO2 P25 solid support with 3%
w/w ratio of F64PcZn. 0.090g F64PcZn was dissolved in ~150 mL of ethyl acetate in a 250 mL
round bottom flask forming a dark green solution. 2.910g of P25 TiO2 solid support was added.
The mixture was stirred for 10 minutes then allowed to sit for 48 hours in a dark cabinet. The
ethyl acetate was removed under reduced pressure and the free-flowing powder was collected from
the flask and dried at 120°C for ~20 hours.
12

2.3 Photocatalytic coating preparation and application
All coating samples were formulated to contain 10% total PVC using the protective
industrial coating resin Silikopon EF. Two coatings were prepared that contained F64PcZn/P25
TiO2 composites at 1.0% and 0.1% PVC with Tiona 595 at 9.0% and 9.9% respectively. A “photoactive control” coating was prepared that contained pure (uncoated) P25 TiO2 at 1.0% PVC and
Tiona 595 at 9.0% PVC. A “non-active control” was prepared that contained only Tiona 595 at
10% PVC. The four coating formulations are shown in Table 1.
Table 1. Coating formulations
Component
(wt. %)

1% PVC composite

0.1% PVC composite

active control

non-active control

Silikopon EF
(silicone-epoxy resin)

56.37

PART A
56.37

56.37

56.37

Tiona 595
(pigmentary rutile TiO2)

26.59

29.25

26.59

29.54

-

-

2.95

-

F64PcZn/P25 TiO2 composite
(3% w/w)

2.95

0.30

-

-

Dynasylan AMEO
(amino silane curing agent)

14.09

14.09

14.09

Aeroxide TiO2 P25
(uncoated photo-active nano TiO2)

PART B

Photocatalyst PVC (%)

1.0

0.1

1.0

0.0

Total PVC (%)

10.0

10.0

10.0

10.0

PART A of each coating sample was prepared by adding Tiona 595 and photocatalyst
powder (F64PcZn/P25 TiO2 composite or pure P25 TiO2) to Silikopon EF resin while mixing with
a cowles shear blade (~700 RPM) using a Carfamo Ultra Speed mixer. The pigment grinding
process then occurred by increasing the mixing speed to 3000 RPM for 30 minutes. When the
coating was ready to be applied to the substrate, the curing agent Dynasylan AMEO (PART B)
was added to PART A, at a ratio of 1:4 by weight to Silikopon EF, and stirred by hand until
homogeneous. The finished coating was then applied to steel panels with a #52 wire-coater that
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gives ~100 micron wet film thickness. Two types of steel panels were used; Q-panel type R and
type D. The coated panels were allowed to dry for at least 48 hours.
2.4 Determination of photocatalytic activity of coating surface
Photocatalytic activity of the coating surface was measured by monitoring the photoinduced bleaching of methyl red dye that was adsorbed on the surface. A 1 mM solution of methyl
red in isopropanol (99.5%, I-Max) was prepared and poured into a suitable container in which to
immerse the coated steel panels (Q-panel type R) so that they remain upright. The steel panels
were soaked in the methyl red solution, away from any light source, for 15 min, enough time to
ensure the methyl red thoroughly adsorbed/stained the coatings surface. The panels were removed
from the solution and wiped off with an absorbent tissue then allowed to dry for at least 24 hours
away from any light source.
An initial color measurement of each stained coating surface was taken using a DataColor
400 spectrophotometer before being exposed to light. The initial b* color value (blue/yellowness)
obtained was used to monitor methyl red degradation over time. Each panel was then exposed to
light from a 300 W halogen lamp using a Kodak Ektagraphic III slide projector, at a distance that
created a light intensity of 2.05±0.05 × 105 lux measured at the surface of the coating. The spectral
distribution of the halogen lamp compared to daylight was provided by the lamp manufacturer
(Osram Sylvania) and is shown in Figure 5.33
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Figure 5. Spectral distribution of halogen lamp
and daylight (adapted from ref. 32).

The coating surfaces were exposed to light for 6 hours with the b* value being re-measured every
hour and compared back to the initial b* value. The larger the difference in Δb* the greater the
self-cleaning effect.2
2.5 Electrochemical impedance spectroscopy
Coatings applied to steel Q-panels type D were supplied to the U.S. Army RDECOM –
ARDEC for electrochemical impedance spectroscopy (EIS) to evaluate the coating
durability/barrier properties for corrosion resistance. ARDEC ran EIS using a Gamry Reference
600 potentiostat, a Princeton Applied Research K 0235 flat cell, and ASTM standard D1141-98
artificial seawater.34 A saturated calomel electrode (SCE) and platinum electrode were the
reference electrode and counter electrode, respectively. Specimens were immersed for 60 minutes
in the artificial seawater before beginning tests to allow for corrosion potential stabilization. The
frequency was scanned from 100 kHz to 10 mHz. The test set-up is shown in Figure 6.
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Figure 6. Electrochemical test cell set-up.

The coated steel panels then underwent atmospheric exposure to sunlight (Figure 7) at the
Corrosion Instrumented Test Yard located at Picatinny Arsenal, NJ. After 11 weeks of exposure,
EIS was tested again and compared to the initial values.

Figure 7. Atmospheric exposure of coated panels.
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3. RESULTS AND DISCUSSION
3.1 Photocatalytic composite powder
F64PcZn was successfully coated onto Aeroxide TiO2 P25 at a loading of 3% w/w resulting
in a photocatalyst campsite power that was green in color. Aeroxide TiO2 P25, a mixture of ~80%
anatase and ~20% rutile, was chosen as the semiconductor solid support since it has shown high
photo-activity under UV light exposure, in both solution & when incorporated into a coating, and
is commonly used as a standard nano-particle photocatalytic TiO2.6,20,32
3.2 Photocatalytic coating films
The coatings containing the F64PcZn/P25 TiO2 composite displayed a green color,
characteristic of the F64PcZn, with the 1.0% PVC sample more pronounced than the 0.1% PVC
sample. Two additional coating samples were prepared as controls. One contained 1.0% PVC of
pure (uncoated) P25 TiO2 and 9.0% PVC Tiona 595 which served as the “active control”. The
other contained only Tiona 595 at 10% PVC which served as the “non-active control.” The coating
samples were applied to steel Q-panels at 100 microns wet film thickness, which is similar to the
film thickness used in the field. Coated panels of the F64PcZn/P25 TiO2 composite at 1.0% PVC,
active control, and non-active control are shown in Figure 8.
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(a) F64PcZn/P25 TiO2 at 1% PVC

(b) P25 TiO2 at 1% PVC
(active control)

(c) No photocatalyst
(non-active control)

Figure 8. Siloxane epoxy coatings applied to steel panels containing 10% total PVC
consisting of non-photocatalytic pigmentary TiO2 and (a) F64PcZn/P25 TiO2 composite at 1%
PVC; (b) P25 TiO2 at 1% PVC; (c) no photocatalyst.

3.3 Self-cleaning siloxane epoxy paint films stained with methyl red
Siloxane epoxy coatings based on Silikopon EF are relatively hydrophobic, with a contact
wetting angle of 72° with water35, and not readily stained by water-based dye solutions, such as
methylene blue.2 Thus, methyl red in isopropanol (1 mM) was found to effectively stain the
coating films. Pictures of the stained panels are shown in Figure 9.

(a) F64PcZn/P25 TiO2 at 1% PVC

(b) P25 TiO2 at 1% PVC
(active control)

(c) No photocatalyst
(non-active control)

Figure 9. Coating films stained with 1 mM solution of methyl red in isopropanol.
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Light emitted from a halogen lamp was used to measure the photocatalytic activity of the
stained coating films since the spectrum is similar to natural sunlight, with the majority of the
wavelengths in the visible region.33 A graph comparing the color change (Δb*) for each coating
after being exposed to a light intensity of 2.05±0.05 × 105 lux for six hours is shown in Figure 10.
The coatings containing the F64PcZn/P25 TiO2 composite at 1.0% and 0.1% PVC showed
considerably greater color change, as indicated by the Δb*, compared to P25 TiO2 at 1.0% PVC
(active control) and the non-active control. The non-active control showed some color change
over 6 hours which indicates the amount of methyl red fading/degradation that can be expected
from the light source used without any photocatalyst present. Pictures of the F64PcZn/P25 TiO2
composite at 1.0% PVC, active control, and non-active control panels after 6 hours of light
exposure are shown in Figure 11.

Light Exposure Time (hours)
0

1

2

3

4

5

6

0
Composite at 1% PVC

-2

Composite at 0.1% PVC

-4

P25 TiO2 at 1% PVC (active control)

non-active control

Δb* value

-6
-8
-10
-12

-14
-16
-18
-20

Figure 10. Fading of methyl red adsorbed on the surface of siloxane epoxy coatings containing
different photocatalystis upon exposure to 2.05 0.05 105 lux.
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(a) F64PcZn/P25 TiO2 at 1% PVC

(b) P25 TiO2 at 1% PVC
(active control)

(c) No photocatalyst
(non-active control)

Area exposed to light

Area exposed to light
Area exposed to light

Figure 11. Coating films stained with 1 mM solution of methyl red in isopropanol after exposure to
2.05 0.05 105 lux for 6 hours.

The active control actually displayed similar color change compared to the non-active control
indicating that the P25 TiO2 at 1.0% PVC was not acting as an effective photocatalyst under these
conditions. The poor efficiency of the active control is likely due to the relatively low level of P25
TiO2 used compared to what is typically reported for self-cleaning coatings using TiO2
photocatalysts2,4,6 as well as the fact that the majority of the light emitted from the halogen lamp,
being >400 nm, is not capable of exciting P25 TiO2 electrons.16,33
The results demonstrated that the F64PcZn/P25 TiO2 composite, when incorporated into a
coating, displayed improved photocatalytic activity towards surface containments, such as methyl
red, compared to nano-particle photocatalytic P25 TiO2 alone. It was surprising that the composite
at 0.1% PVC showed only slightly lower methyl red bleaching compared to the composite at 1.0%,
thus demonstrating a high efficiency. It is proposed that the improved photocatalytic activity of
the composite is due to the ability of F64PcZn to be electronically excited by low energy photons
in the visible region. The excited triplet state of F64PcZn converts 3O2 into 1O2, a strong nonradical oxidant that can go onto degrade methyl red. The high surface area of the P25 TiO2, of
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which the F64PcZn is coated onto, is likely playing a critical role in the efficiency of the composite
since it allows for a high degree of reactive sites when dispersed throughout the coating.
Unlike other photosensitizer dyes, such as H16PcZn, it is unfavorable for excited electrons
from F64PcZn to be injected into the conduction band of the P25 TiO2 due a mismatch between the
conduction band of the TiO2 and the lowest unoccupied molecular orbital (LUMO) of the
F64PcZn.26,29,32,36 The presence of the electron-withdrawing perfluoroalkyl groups attached to the
Pc ligand aromatic rings lowers the energy of the molecular orbitals (MOs), including the frontier
orbitals, making the LUMO lower than the conduction band.26,29,37 This prevents the photoactivity of P25 TiO2 from being extended into the visible region. Additionally, since the active
control showed poor efficiency, the contribution of ROS, such as •O2- and •OH, that can be
generated from e-/h+ pairs directly through photo-excitation of P25 TiO2 in the composite does not
appear to be significant under the current test conditions (where little UV light is emitted). The
effectiveness of the composite at 0.1% PVC further suggests that the formation of 1O2 is primarily
responsible for the degradation of methyl red because the ROS generated from a coating containing
0.1% PVC nano-particle photocatalytic TiO2, when exposed to only UV light, is likely too low to
be effective.2,4,6
3.4 Coating durability via electrochemical impedance spectroscopy
A major concern with photocatalytic coatings made with traditional organic binders is that
the photocatalyst may also cause photo-oxidation of the binder, thus leaving the metal surface
susceptible to corrosion. With the inclusion of inorganic Si-O bonds, siloxane epoxy hybrid
coatings are much less susceptible to photo-oxidation. However, it is important to understand the
effects the F64PcZn/P25 TiO2 composite has on the siloxane epoxy coating integrity over time
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since the main purpose of the coating is to act as a barrier to protect the underlying metal surface
from corrosion.
Coated steel panels of the F64PcZn/P25 TiO2 composite at 1.0% PVC, active control, and
non-active control (Figure 8) were sent to the U.S. Army RDECOM – ARDEC where they were
evaluated for durability/barrier properties using electrochemical impedance spectroscopy (EIS).
EIS is widely used to characterize the behavior of coated metal immersed in aqueous electrolyte
environments. If the coating degrades and become permeable, then water will penetrate into the
coating and form a new liquid metal interface under the coating which can be detected with EIS.
Low frequency data shows considerable sensitivity and variation to changes in the impedance due
to the uptake of water. Figure 12 shows the EIS results for each coated panel initially and after 11
weeks of atmospheric sunlight exposure.

Composite at 1% PVC

Initial

Active control

Initial

Non-active control

Initial

Composite at 1% PVC

After 11 wks atm exposure

Active control

After 11 wks atm exposure

Non-active control

After 11 wks atm exposure

Figure 12. Results of EIS on coated steel panels evaluated initially and after 11 weeks of atmospheric exposure.
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High values of impedance (>10 GOhm cm2) at low frequency indicate a coating forming a strong
barrier. Initially, all the coatings films showed similar impedance values of ~100 GOhm cm2 at
low frequency indicating excellent protection. After 11 weeks of atmospheric sunlight exposure,
the non-active control showed little change while both the active control and composite at 1.0%
PVC showed a small drop in their impedance values. The impedance value for the composite at
1.0% PVC dropped less than the active control and still remained >10 GOhm cm2 while the active
control dropped to ~10 GOhm cm2. This indicates that the coating containing the composite is
able to protect the underlying metal surface.
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4. CONCLUSIONS
A highly efficient self-cleaning siloxane epoxy coating was prepared using a new
photocatalytic composite material consisting of F64PcZn adsorbed on the surface of Aeroxide TiO2
P25, a nano-particle photocatalytic TiO2, at 3% w/w. The coating showed enhanced photocatalytic
efficiency for the degradation of methyl red stained on the surface when exposed to a light intensity
of 2.05±0.05 × 105 lux from a halogen lamp, made up of wavelengths mostly >400 nm, compared
to P25 TiO2 on its own. Methyl red degradation occurred through photo-oxygenation of labile C‒
H bonds by 1O2 generated by F64PcZn, a highly stable and efficient photosensitizer, upon
absorption of visible light. Even though P25 TiO2 is also considered an effective photocatalyst
with the ability to generate ROS, such as •O2- and •OH, it did not appear to be a factor under these
test conditions and is acting as an inert nano-particle solid support. This is likely due to the wide
band gap of TiO2, limiting its activity to higher energy wavelengths in the UV region, as well as
the relatively low level present in the coating.
Coated steel panels were also evaluated for durability/barrier properties using EIS. The
new F64PcZn/P25 TiO2 composite did not have a negative effect on the integrity of the coating
compared to P25 TiO2 at the same level. After 11 weeks of atmospheric sunlight exposure, the
composite at 1.0% PVC showed a small drop in impedance value but still remained >10 GOhm
cm2, indicating the formation of a strong barrier. The active control containing 1.0% PVC P25
TiO2 dropped slightly lower to ~10 GOhm cm2.
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